. Mouse Mf1 Protein and Gene Targeting (A) Predicted amino acid sequence of Mf1. The WH domain is boxed, and regions rich in alanine, proline, serine, and glycine are underlined. (B) Comparison of the WH domains of mouse Mf1 and its most closely related family members (for references see Kaufmann and Knochel, 1996) . (C) The Mf1 gene (top) contains a single protein-coding exon (black box) flanked by 5Ј and 3Ј untranslated regions (open boxes). The targeting vector (middle) is described in Experimental Procedures. Bottom, the targeted Mf1 lacZ locus. Arrowheads represent the primers for PCR screening. The 5Ј and 3Ј probes are indicated by bars. B, BamHI; H, HindIII; N, NotI; Nc, NcoI; X, XbaI; Xh, XhoI. Parentheses indicate loss of restriction enzyme site. (D) Southern blot analysis of targeted ES cell clones. Using the 3Ј probe and XhoI digestion, the wild-type (wt) and targeted (m) loci generate 5.3 kb and 8.8 kb hybridizing bands, respectively. TL1 indicates DNA from untargeted ES cells. (E) Southern blot analysis of a representative intercross between F1 mice. Genotyping was performed as in (B) . ϩ/ϩ, wild type; ϩ/Ϫ, heterozygote; Ϫ/Ϫ, homozygote.
is identical in all respects to that reported for ch mutants.
the differentiation of arachnoid cells in the meninges. It had previously been proposed that the human homolog We identify a point mutation in the Mf1 gene of ch mutants, which is predicted to generate a truncated protein of Mf1, FREAC3, or FKHL7 (Pierrou et al., 1994) , is a candidate gene for developmental defects of the antelacking the DNA-binding domain. We also provide evidence that Mf1 is required for the differentiation of prerior segment of the eye and glaucoma associated with chromosome 6p25 ; Jordan et al., chondrogenic mesenchyme cells into cartilage and for 1997), and we show here that Mf1 mutants have eye the ectodermally derived parotid and other glands of the head (data not shown). defects. Finally, cytogenetic deletions of 6p25 including FREAC3 are associated with multiple congenital abnormalities, including hydrocephalus.
Mf1 lacZ Homozygotes Die Perinatally with Hemorrhagic Hydrocephalus
Intercrosses of Mf1 lacZ heterozygotes generated homoResults zygous null mutants at the expected Mendelian frequency (23% of a total of 331 embryos from 9.5 to 18.5 Predicted Mf1 Protein Structure dpc). Homozygotes die perinatally with greatly enlarged The predicted Mf1 protein has a WH domain flanked by and hemorrhagic cerebral hemispheres (hydrocephalus) sequences rich in proline, alanine, serine, and glycine and open eyelids ( Figure 3A ). Before 10.5 dpc, Mf1 ho-( Figure 1A ). The WH domains of mouse Mf1 and human mozygotes cannot be distinguished from wild-type and FREAC3 are identical, and the proteins in their entirety heterozygous littermates. However, one day later there are approximately 91% identical ( Figure 1B ; unpubis a clear difference in brain size, which becomes particlished data), suggesting that the two proteins are homolularly evident by 14.5 dpc ( Figure 3C ). Sectioning of ogous. The murine Mfh1 and Mf1 genes have very similar fixed embryos shows no obstruction of the aqueducts embryonic expression patterns this between the brain ventricles. However, beginning at 14.5 paper) and encode proteins with essentially identical dpc, the integrity of some blood vessels in the brain is WH domains ( Figure 1B) . However, the N-and C-termidisrupted and the surrounding area is acellular (data not nal flanking protein sequences are different (60% and shown). 21% identical, respectively), suggesting that if the proteins do bind to the same target genes, they nevertheless differ in some functions. Several other forkhead Skeletal Defects in Mf1 lacZ Homozygotes Newborn mutants have extensive abnormalities in the proteins also have similar WH domains to Mf1 ( Figure  1B ), but their flanking sequences and in vivo functions skull, vertebrae, thorax, hyoid, larynx, and appendicular skeleton (Figures 3D-3H ; data not shown). For example, are unknown.
the calvarial bones are completely missing and the basisphenoid bone is reduced and malformed. InterestTargeted Disruption and Embryonic ingly, mutants have a very enlarged zygomatic process Expression of Mf1 of the maxilla, which is fused to the mandible. The dorsal A null allele of Mf1 was generated by homologous reneural arches of the vertebrae, including the atlas and combination in ES cells, replacing sequences encoding axis, fail to fuse along the whole vertebral column, and amino acids 90-553 and most of the 3Ј untranslated the lateral arches and vertebral bodies are also reduced. region with a lacZ/PGKneo r cassette in frame with the In the thorax, the ribs are somewhat thinner than normal first ATG ( Figures 1C-1E ). This results in the almost and, strikingly, all of the ossification centers of the stercomplete deletion of the WH domain and also allows num except the manubrium are absent and the xiphoid convenient localization of Mf1 expression.
process is misshapen. Finally, in the appendicular skelePrevious studies had first detected Mf1 transcripts in ton, the digits are thinner than normal with smaller ossifiparaxial mesoderm at the early gastrulation stage and at cation centers, and structures such as the deltoid pro-8.5 days post coitum (dpc) in the presomitic mesoderm, cess of the humerus are misshapen. somites, cephalic mesoderm, and first branchial arch (Sasaki and Hogan, 1993) . Using the Mf1 lacZ allele, we Mf1 lacZ Homozygotes Have Eye Defects show here that expression in the paraxial mesoderm is Mf1 lacZ is expressed in the developing eye, and homozydynamic; at 9.5 dpc, highest levels are present in cells gous mutants are born with open eyelids. We therefore throughout somitomere 2, but as the somites differentianalyzed the morphology of mutant eyes and noted sevate, expression decreases and becomes restricted to eral obvious abnormalities ( Figures 4B-4E ). At 16.5 dpc the sclerotome (Figures 2A, 2B , and 2I). Strong lacZ these include unfused eyelids, disorganized arrangeexpression is seen in the condensing prechondrogenic ment of cells in the cornea, and iris hypoplasia, including mesenchyme of the future axial and appendicular skelea reduced number of mesenchymal cells in the future ton, including the vertebrae, limbs, ribs, and sternum stromal region ( Figure 4E ). (Figures 2C-2E , 2J, and 2K). Significantly, as the cartilage rudiments differentiate, the expression of Mf1 lacZ is down-regulated in the differentiated chondrocytes but ch Is a Mutant Allele of Mf1 The phenotype of Mf1 lacZ homozygotes is identical to that is maintained in the perichondrium ( Figure 2K ).
In the head, Mf1 expression is not confined to paraxial of ch/ch homozygotes in every organ system described except the eye, which was not examined by Gruneberg mesoderm but is also seen in neural crest derived cells, for example, in the branchial arches and around the eye, or Green. Since we had previously mapped Mf1 on mouse chromosome 13, ‫2ف‬ cM distal to ch (Labosky et where LacZ staining is particularly strong (Figures 2C  and 2D ). In the 12.5 dpc eye, Mf1 lacZ expression is evident al., 1996), it seemed likely that Mf1 and ch were in fact allelic. This was confirmed by a complementation test in the periocular mesenchyme and cornea ( Figure 4A ). In addition, LacZ staining is detected in the ectoderm in which male ch/ϩ mice were mated to female Mf1 lacZ /ϩ heterozygotes. Out of the 20 offspring obtained, 4 showed of the future inner eyelids and in the hyoid blood vessels.
Other Mf1-expressing tissues include the mesonephthe hydrocephalic phenotype ( Figure 5 ) and had the ch/ Mf1 lacZ genotype, whereas all normal pups were ϩ/ϩ, ric tubules and surrounding mesenchyme, the endothelium of the heart and blood vessels ( Figures 2F-2H) , and ch/ϩ, or Mf1 lacZ /ϩ (data not shown). Wild-type Mf1 and ch/ch protein coding regions were of mesenchymal cells to chondrogenic signals. Among the factors known to promote cartilage differentiation then PCR amplified and sequenced, revealing a nonsense mutation (C to T transition) at nucleotide 366 of in vitro (Miyake and Hall, 1995) and in vivo (Kingsley et al., 1992; Storm et al., 1994; Storm and Kingsley, 1996 ) the coding region. This results in a stop codon in the region encoding the third helix of the WH domain preare bone morphogenetic proteins (BMPs) and growth and differentiation factors (GDFs), members of the TGF␤ dicted to generate a truncated protein lacking DNA binding activity (Figures 5B and 5C , 1997; Ogg et al., 1997) . These findings raise the possibility that Mf1 Ϫ/Ϫ prechondrogenic mesoderm cells Gruneberg proposed that the skeletal phenotype of ch/ ch mutants is due to a primary defect in the response have a reduced ability to respond to growth factors. To test this hypothesis, we established micromass found that BMP2 and TGF␤1 enhance chondrogenesis in this system, while bFgf, IgfII, and insulin have no cultures using one of the most affected chondrogenic tissues in homozygous mutants, the sternal primordium.
effect. Addition of 150 ng/ml BMP2 at the start of the culture period significantly increases both the number The sternum differentiates from bilateral strips of condensing mesenchyme running along the distal tips of and size of the nodules. By contrast, mutant cells have a significantly reduced response to BMP2 (and TGF␤1) the ribs (Chen, 1952) . As the embryo grows, the sternal bands fuse ventrally into a single midline chondrifying in terms of both the number and size of the nodules formed ( Figure 6 ; data not shown). unit. Subsequently, the sternebrae and manubrium ossify. As described earlier, most of the sternum of Mf1 mutants fails to chondrify ( Figure 3H ). Moreover, histoAbnormal Differentiation of Mutant Meningeal Cells logical analysis at 13.5 dpc shows that the mesenchyme cells, which express Mf1 at high levels ( Figure 2K ), conGreen first described the abnormal development of the meninges of ch/ch mutants (Green, 1970) . In the head, dense much less than in the wild-type embryo (data not shown). Finally, several Bmp genes, including Gdf5, the meninges consist of three layers: the inner pia mater; the outer dura mater, in which the membraneous calvarBmp2 and Bmp5, are expressed in the condensing mesenchyme of the primordial sternum (Lyons et al., 1995;  ial bones develop; and the sponge-like middle arachnoid layer, through which the CSF flows. The mature arachStorm and Kingsley, 1996; data not shown).
Over 6 days in culture, wild-type cells condense and noid is made up of a loose network of cells supported by trabeculae of collagen fibers. It is not just a passive differentiate into cartilage nodules that stain intensely with Alcian blue and express high levels of the type II conduit for CSF; it actively synthesizes and secretes several important proteins including prostaglandin D collagen gene (Figure 6 ; data not shown). Mutant cells, on the other hand, show little aggregation and form few synthase (PGDS), which, as the component classically called ␤-trace, makes up 3% of the total protein content nodules even after 8 days. Using wild-type cells, we of this fluid (Hoffmann et al., 1996; Ohe et al., 1996) . Mf1 lacZ is highly expressed in the developing meninges, both in the arachnoid cells and in the dense mesenThe morphology of the embryonic meninges has been described in rodents (McLone and Bondareff, 1975 ; Oda chymal layer above them (Figure 7) . In mutant embryos the cells in the dense layer appear disorganized and and Nakanishi, 1984), but little is known about factors regulating its differentiation.
less well aligned than in wild type ( Figure 7D ). More retina and in presumptive macrophages ( Figure 7E ). In homozygous mutants at this stage, only very low levels of pdgs expression are seen in the meninges, but the level of expression is normal in the eye and presumptive macrophages ( Figure 7F ). By 16.5 dpc, expression in the meninges has increased in the wild type but is still much lower in the mutants (data not shown). These results support the idea of an intrinsic defect in the differentiation of the arachnoid in the Mf1 null mutant.
Mapping and Deletion Analysis of the Human MF1 Gene Our radiation hybrid panel mapping placed human MF1 on human chromosome 6p25 approximately 9 cR from the marker IB3558 (LOD Ͼ 3.0) in a region syntenic with mouse chromosome 13. Previously, human FREAC3 (FKHL7) was mapped to 6p25 (Larsson et al., 1995) , and BAC and YAC contig analysis places FREAC3 within 100 kb of the marker D6S344, a locus near IB3558 (Mears et al., submitted) . The mapping data and the Ͼ91% predicted amino acid identity between mouse Mf1 and human FREAC3 protein strongly suggest that the genes are homologous.
FREAC3 has previously been proposed as a candidate gene for the autosomal dominant disorder iridogoniodysgenesis anomaly (IRID1; OMIM 601631), which affects the differentiation of mesenchymal cells contributing to the anterior segment of the eye Gould et al., 1997; Jordan et al., 1997 cause it was one of the first examples of a pleiotropic mutation affecting many different organ systems. While Gruneberg initially argued that all of the developmental abnormalities, including the hydrocephalus, could be strikingly, the arachnoid layer is thinner, and the cells within it are more closely packed. These morphological traced back to a delay in the differentiation of specific cartilage rudiments (Gruneberg, 1943 (Gruneberg, , 1953 , subseabnormalities might be secondary to a reduced flow of CSF into the meninges from the hindbrain. Alternatively, quent analysis suggested that the mutation independently affects other tissues, including the meninges, the there may be an intrinsic defect in the arachnoid cells themselves, affecting their ability to differentiate, synkidney and ureters, and ectodermally derived glands in the head (Green, 1970; Gruneberg, 1971 ; Gruneberg and thesize CSF, and form intercellular channels. To address this question, we studied the expression of prostaglanWickramaratne, 1974). Our finding that ch involves a mutation in the winged helix gene Mf1, which is exdin D synthase (pgds) as a marker of the differentiated state of arachnoid cells in the meninges. In wild-type pressed in all the affected cell types, finally resolves these issues and opens up new avenues of research. embryos, pgds RNA is first detected at 13.5 dpc in the arachnoid layer as well as in the pigmented layer of the The major challenges are now to identify Mf1 target genes, to uncover the signaling pathways in which the The latter is a precursor for prostaglandins that are ligands for the steroid receptor family transcription factor protein functions, and to understand how the absence peroxisome proliferator-activated receptor ␥ (PPAR␥). of Mf1 activity leads to severe developmental defects.
Heterodimers of PPAR␥ with RXR can promote the differentiation of adipocytes from fibroblast-like precurMf1 and the Differentiation of the Meninges sors (Forman et al., 1995; Kliewer et al., 1995) , and an The most striking feature of the Mf1 mutant phenotype attractive hypothesis is that a similar mechanism reguis the hemorraghic hydrocephalus. Enlargement of the lates the differentiation of arachnoid cells from mesendeveloping brain is evident from 11.5 dpc, when the chymal precursors. However, we have been unable to meninges and the choroid plexus start to differentiate, detect significant levels of PPAR␥ RNA in the arachnoid and is most likely caused by an inhibition of the flow layer of wild-type embryos by in situ hybridization at of CSF from the brain into the arachnoid layer. This 14.5 dpc, although transcripts for PPAR␣ and -␤ are explanation is supported by the abnormal differentiation widely distributed in head mesenchymal cells at this of the arachnoid and by the absence of the most obvious time (data not shown). An alternative role for PGDS is alternative explanation, namely, obstruction of the interthat it functions in the CSF to transport retinoids (Tanaka ventricular aqueducts within the brain itself (Green, et al., 1997 ). 1970; data not shown). However, we cannot rule out other contributing factors. For example, leakiness of Mf1 Is Required for Cartilage Development Mf1-expresing blood vessels in the brain may promote
Our results provide genetic evidence that Mf1 is required excess fluid accumulation. Another contributing factor for the differentiation of specific populations of prechonmight be failure of the head mesenchyme to differentiate drogenic mesodermal cells both in vivo and in microinto the membrane bone of the skull. However, dorsal mass culture in vitro even in the presence of added head mesenchyme of 11.5 dpc mutant embryos does BMP2 or TGF␤1. The absence of severe cartilage degive rise to cartilage and bone in micromass culture fects in some regions of the homozygous mutants (for (data not shown). It therefore seems that the absence example, in the appendicular skeleton) may be a result of intact skull bones is secondary to the hydrocephalus. of compensation by related WH genes (for example, The hypothesis that there is an intrinsic defect in the Mfh1 and Mf2), which have overlapping expression patdifferentiation of the meningeal layer of Mf1 mutants is terns Wu et al., 1998) . supported by the observation that the gene is normally
The reduced ability of mutant cells to differentiate into transcribed in the arachnoid layer and by the greatly cartilage raises the possibility that Mf1 regulates the reduced expression of the differentiation marker pgds transcription of cartilage-specific genes, such as type at 14.5 dpc (Figure 7 ). At present, the precise function(s) II collagen. However, if this is the case, what is the of PGDS in the CSF is unknown. One possibility is that significance of Mf1 expression in multipotent mesenchymal cells of the early embryo that can give rise to multiple it acts locally to convert prostaglandin H 2 (PH 2 ) to PD 2 . lineages and are not yet committed to a chondrogenic five individuals with ring chromosome 6 (Chitayat et al., 1987; Kelly et al., 1989; Zurcher et al., 1990 ; Alashari et fate (Noden, 1988; Huang et al., 1997) ? One possibility is that Mf1 has different functions at different times during al, 1995). One possibility is that the hydrocephalus is due to haploinsufficiency of FREAC3 combined with the development. Alternatively, its role in early mesoderm may be analogous to that proposed for another forkdeletion of additional genes in the 6p25 region. One candidate modifier is the gene encoding BMP6, which head/winged helix gene, Hnf3␤, in early endoderm lineages (Ang et al., 1993; Weinstein et al., 1994) . In fully maps in a region of conserved synteny between mouse chromosome 13 and human 6p24/25 and is expressed differentiated, endoderm-derived liver cells, HNF3␤ protein binds to specific sites in the albumin gene and is in the embryonic meninges, choroid plexus, dorsal neuroepithelium, and developing cartilage. This hypothesis required for its high level transcription (McPherson et al., 1993) . However, Hnf3␤ is also expressed in multipotent can be tested by generating mice doubly heterozygous for mutations in Mf1 lacZ and Bmp6 (Solloway et al., 1998) . definitive endodermal precursor cells not yet committed to a hepatic fate and not expressing albumin. In these precursors, HNF3␤ protein may be involved in reorganiz-
Experimental Procedures
ing the chromatin structure of the liver-specific enhancer region of the albumin gene, priming it to allow the future Mf1 cDNA Mf1 cDNAs were isolated from an 8.5 dpc embryo cDNA ZAPII rapid assembly of additional transcription factors driving library (Dr. Kathy Mahon, Baylor College of Medicine) using a 3Ј
high-level, cell-type specific expression in more differprobe from the original Mf1 cDNA (Sasaki and Hogan, 1993) . The entiated derivatives (Gualdi et al., 1996; Cirillo et al., coding sequence was determined on both strands. structure in the globular domain to the WH domain (Clark et al. 1993 ).
Targeted ES Cells and Generation of Mouse Chimeras
SalI-linearized targeting vector (100 g) was electroporated into TL1
MF1/FREAC3 and Human Developmental Anomalies
ES cells as described . Cells were selected with
Autosomal dominant iridogoniodysgenesis type 1 (IRID1), G418 after 24 hr. Double-resistant colonies (625) were screened by characterized by iris hypoplasia, anterior segment dys-PCR using an Mf1-A primer (CACGTAAGGCAGTTTTTTGACTGAAA) and a neo r primer (CGTGCTTTACGGTATCGCCGCTC). PCR-positive genesis, and juvenile glaucoma, is thought to result from clones were confirmed by Southern blot using 5Ј and 3Ј probes.
aberrant migration and/or differentiation of the neural Five targeted clones were injected into C57BL/6 blastocysts; three crest mesenchyme involved in the formation of the anteproduced germ-line chimeras. Chimeras were mated with Black rior segment of the eye . Linkage
Swiss females (Taconic), and all further analyses were performed studies have mapped IRID1 to 6p25 and have identified on a mixed (129 ϫ Black Swiss) background. Three lines exhibited FREAC3 as a candidate for the disorder (Mears et al., the same mutant phenotype. Offspring were genotyped either by Southern blot using the 3Ј probe or PCR using three specific primers:
1996; Gould et al., 1997; Jordan et al., 1997) . Here, we involving eye defects such as iris hypoplasia, pupil
This was performed essentially as described .
anomalies, and glaucoma as well as other nonocular abnormalities (Semina et al., 1996) . Very recent results ported in four individuals with deletions of 6p25 and in Mapping of Human MF1 Ray DuBois) amplified by RT-PCR from mouse newborn head RNA using primers based on published cDNA sequence (GenBank accesThe human MF1 gene was amplified by PCR from whole blood genomic DNA using MF1(1)-5Ј and -3Ј primers and sequenced as sion number X89222). described. Human MF1-specific primers (5Ј, TTGAACAACTCTCCA GTGAACGG; 3Ј, AGCAAGTCTCTGAAAAGCAAGAAG) were used in
Analysis of

Patient Material
Refering physicians for three patients were contacted following a conjunction with the Genebridge 4 radiation hybrid panel (Research Genetics, AL).
literature search for cytogenetic deletion of chromosome 6p25: C. C. (Dr Mark K. Addison), GM0622 (Coriell Institute for Medical Research), and A. M. (Dr Cynthia M. Powell; Tepperberg et al., 1994) .
Micromass Cultures
Ventral thorax from individual 11.5 dpc embryos was separated into Z. K. was referred by the patient's mother. The clinical reports for Table 1 were taken from the papers cited (A. M.) or through personal ectoderm and mesoderm with 0.5 mg/ml Dispase in PBS for 10 min at 37ЊC followed by transfer to DMEM containing 2% fetal bovine communication with the physicians. To determine FREAC3 copy number, approximately 4 g of genoserum (FBS) and 25 mM HEPES. The mesoderm was dissociated into single cells with 0.1% collagenase and 0.2% trypsin in PBS for mic DNA from blood or cell lines was digested with EcoRI and probed with a 504 bp 3Ј genomic fragment. Copy number was estab-20 min at 37ЊC followed by pipetting. Cells were resuspended in DMEM with 2% FBS at 2 ϫ 10 7 cells/ml and plated in duplicate 15 lished by dosage densitometry using a control probe from chromosome 4. To determine copy number of all other polymorphic loci, l drops in 6-well tissue culture dishes at 37ЊC in a humidified air/ CO 2 incubator. After 1 hr, the wells were filled with 2 ml of DMEM 35 S-dATP-labeled PCR products were separated on a 6% polyacrylamide gel. Patients were established as either heterozygous (two containing 2% FBS. One of the duplicates was treated with 150 ng/ ml human recombinant BMP2 (gift of Genetics Institute, Cambridge, alleles) or homozygous/hemizygous (one allele). Heterozygosities of all microsatellite polymorphic loci are Ͼ85%, except AFMA339YD9 MA) or 30 ng/ml human recombinant TGF␤1 (R & D Systems) at the start of the culture. After 3 days with BMP2 or 4 days with TGF␤1, and D6S942, which are both 50%. The observation of single alleles present for these highly polymorphic loci is consistent with the the cultures were fed daily with medium without added factor. After 6 days cells were stained with 1% Alcian blue in 3% acetic acid cytologically visable deletions at chromosome 6p25 in these patients. overnight and washed with 3% acetic acid. Some wild-type cells were treated with bFGF (10 ng/ml), IGF-II (300 ng/ml), and insulin (10 mg/ml). Micromass cultures were also processed for in situ Acknowledgments hybridization using a whole-mount embryo protocol . The mouse a1(II) collagen cDNA was provided by Dr Eero
We thank Drs. Drew Noden, Christopher Wright, David Threadgill, Ray Dubois, Yasuhide Furuta, and Glenn Winnier for advice and Vuorio (M. D. Anderson Cancer Center). stimulating discussions. We are grateful to the families of the patients and to Drs. M. S. Jaafar, C. Powell, and M. K. Addison for In Situ Hybridization Section in situ hybridization was performed as described (Furuta et information and patient samples. The radiation hybrid mapping was carried out in the Vanderbilt Genetics Shared Resource, supported al., 1997) using a 640 bp mouse pgds cDNA (kindly provided by Dr.
